Introduction
Photonic crystal fibers (PCFs) guide the electromagnetic field by an arrangement of air holes that run down the entire fiber length. In the holey fibers, the air holes reduce the average index around the solid core, and the guidance can be ascribed to the total internal reflection [1, 2] . Recently, the most common cladding of PCFs has been investigated extensively [3] [4] [5] [6] , which consists of circular air holes, arranged in a triangular lattice with symmetric structure. For any fibers with rotational symmetry of an order higher than 2, a mode that has a preferred direction must be one of a pair of degenerate modes. Symmetry in PCFs implies the existence of doubly-degenerate pairs of modes, that share the same propagation constant (␤) and free-space wavelength (), similar to the uniformly polarized HE 11 modes in a conventional step-index fiber, so they must be degenerate. When this symmetry in PCFs is affected by some factors, such as bends and twists, stresses, or by manufacturing imperfections, the degeneracy is lifted and the real parts of the effective indices ͑n eff ϵ ␤͞2͒ of the degenerate modes separate by an amount termed modal birefringence. As a result, the observation of birefringence must be a result of asymmetry in the structure. These perturbations couple the modes that propagate at slightly different phase velocities, with the consequence that the polarization of light becomes unpredictable after a short propagation.
When control of the polarized light is important, high birefringence as high as 5 ϫ 10 Ϫ4 can be induced in conventional fibers [4, 7] , and this reduces the coupling between the once degenerate modes. Recently, several studies show that PCFs could exhibit birefringence of ϳ1 order of magnitude higher than that obtained from conventional techniques [8 -10] . High birefringence fibers have been widely used for polarization control in fiber-optic sensors, precision optical instruments, and optical communication systems [11, 12] . High birefringence in optical fibers has been usually achieved either by asymmetric shape in waveguide, such as an elliptical core [13] , or by asymmetric stress distribution around the core incorporating the stress applying arts which replace circular air holes in the cladding with elliptical ones [8, 14] , or squeeze the lattice of air holes [15, 16] . In recent high data rate optical communications, first-order polarization mode dispersion (PMD) compensation techniques requires polarization maintaining fibers to utilize its differential group delay between the two eigen polarization states [17, 18] . To enhance the merit in PMD compensation, high birefringence, i.e., large differential group delay, is required along with a low propagation loss.
Motivated by these previous works and addressing the challenges, we propose a novel design, to the best of our knowledge, of highly birefrigent index guiding photonic crystal fiber and it is composed of a solid silica core and a cladding with different sizes of complex (or binary) squeezed-triangular-lattice elliptical air holes. There are many methods to induce birefringence in PCFs. The key point is to destroy the symmetry of the structure and make the effective index difference between the two orthogonal polarization states. Due to the large contrast in the refractive index between the two orthogonal polarization states, high birefringence can be achieved with a relatively small index difference between the core and the cladding. The proposed structure that is used is a complex unit cell (two different sizes of elliptical air holes) to replace the single unit cell (one size of elliptical air hole) in the cladding region of the PCF. Owing to the gaps between two different air hole sizes of complex unit cell larger than that of single unit cell [17] , the corresponding fiber structure designed by complex unit cell cladding is stronger in fiber strength than that designed by a single unit cell under external forces. The birefringence of our proposed structure contributes to the whole cladding asymmetry, unlike a similar structure with holes of different sizes used near the central region of PCF [19] and a structure with equal elliptical holes [16] . The fiber core is a point defect, which is formed by the omission of one smaller elliptical air hole in the center of this structure, in which the mode field is well confined in the core region; thus, it is possible to create a high birefringence PCF. The merit of a complex unit cell of different size elliptical air holes and its asymmetry could endow a new degree of freedom to design the birefringence in optical waveguides. In this paper, the origin of the birefringence is discussed, and its dependence on the structural parameters is analyzed numerically in the proposed elliptical air hole photonic crystal fibers (EHPCFs).
Simulation Method
The numerical method used in this paper is the finiteelement method (FEM), which is adequate for the analysis of general dielectric waveguide geometries. It has already already been successfully applied to investigate dispersion properties of triangular and cobweb PCFs [20, 21] . The fiber cross-section representation is very accurate as the domain is divided into subdomains with triangular or quadrilateral shapes where any refractive index profiles can be properly represented. The PCFs we analyzed have elliptical holes, which have been successfully manufactured recently [22] . Calculations have been done using the FEM [20,21,23, and 24] , in which this method is described in detail and its convergence and suitability for computing the birefringence in arbitrarily shaped scatterers are also assessed. To modelize infinite PCF with a two-dimensional-finite-geometry model (i.e., to enclose the computational domain without affecting the numerical solution), it is necessary to use an anisotropic perfectly matched layers (PMLs), which are placed before the outer boundary.
Simulation Models, Results, and Discussions
Together with the technological advancement in the fabrication of PCFs [14, 16, [22] [23] [24] , it is possible to fabricate our suggested EHPCF. The structure of our proposed EHPCF used in this study is shown in Fig.  1(b) . This design is different from the previous circular air holes PCF designed in [25] (we name it previous structure throughout this paper), as shown in Fig. 1(a) , whereas, the radius of small and large circular air holes are a and b, respectively. In our proposed structure, each lattice point forms the cladding which consists of complex (or binary) unit cell (two different sizes of elliptical air holes) with a pitch (center-to-center distance between the holes), ⌳ ϭ 1.96 m. As shown in Fig. 2 (b), r 1 and r 2 denote the half-length of the large elliptical holes along x (short axis) and y (major axis) directions, respectively. In the same manner, r 3 and r 4 represent the smaller elliptical ones. The core is formed by the omission of one small air hole in the centers of such structures. A point defect is created in this complex triangle lattice to form the PCF. We also define a coefficient ϭ a͞b ϭ r 1 ͞r 3 to determine the relationship between the large and small air hole sizes. In addition, a solid silica jacket was added to increase the diameter and strength of this fiber [26] . The refractive index of the background silica is set as n ϭ 1.45.
In Fig. 1(b) , birefringence is introduced by the difference between two orthogonal directions. In the x and y directions of two different linear, homogeneous, and isotropic dielectrics, Maxwell's equations impose the boundary conditions for the normal and the transverse components of magnetic fields. One important fact is that the mode fields in EHPCFs looks like the HE 11 mode in step-index fibers, which we refer to as HE 11x and HE 11y . The doublet components of the fundamental mode, as we know, are degenerate in conventional standard fibers and in circular holes triangular lattice PCFs. However, when the air holes are elliptical, the degeneracy splits significantly. Regardless of whether both modes are confined or leaky, the birefringence will be defined as ⌬n ϭ |n eff x Ϫ n eff y |, where n eff x and n eff y are the refractive indices of the x-and y-polarization modes, respectively. To illustrate the field profile of our proposed EHPCF, the fundamental mode of our designed fiber with the parameters, ⌳ ϭ 1.96 m, r 1 ϭ 0.9 m, r 2 ϭ 1.084 m, r 3 ϭ 0.18 m, r 4 ϭ 0.22 m, ͑r 1 ͞r 3 ͒ ϭ 5, and elliptical ratio r 1 ͞r 2 ϭ r 3 ͞r 4 ϭ 0.83 at excitation wavelength ϭ 1.55 m, is shown in Fig. 2 . The simulated results of the y-and x-polarized mode are strongly bounded in the high index core region with the effective index n eff x ϭ 1.388207 and n eff y ϭ 1.380276, respectively, giving a birefringence ⌬n ϭ |n eff
, which is much higher than the structure as shown in [25] . It is evident in Fig. 2 that the intensity of the x-polarized mode is stronger than that of the y polarized due to the x-polarized states have the lower air filling fraction than the y polarized states. It implies that the asymmetry in EHPCFs is one of the key factors in determining the localization extent of the transverse mode. Another significant result from Fig. 2 is that the asymmetric core shape can influence the polarization mode in EHPCFs and can split the fields extended far beyond the core-cladding interface. It is noteworthy to confirm that if the large birefringence is desired, the parameters in EHPCFs are limited by the requirement for mode profiles, which contain higher fields intensity in the core region.
The effective index and birefringence of PCFs are relative to the air hole sizes and varying wavelength (or normalized frequency ⌳͞). As expected, the difference between two polarized direction modes in cladding asymmetry can cause high birefringence in EHPCFs. Figure 3 shows the birefringence as a function of normalized frequency ⌳͞, whereas the hole spacing remains constant at ⌳ ϭ 1.96 m, the ratio of large and small air hole fixed ϭ a͞b ϭ r 1 ͞r 3 ϭ 5.5. It can be clearly seen that the birefringence is sensitive to the varying wavelength , and the birefringence in our proposed structure is higher than that of previous structures when the value of ⌳͞ is larger than 1.05. Namely, the wavelength is also one of the key factors in determining the localization extent of the transverse mode. In Fig. 3 , the birefringence reaches its maximum value ⌬n ϭ 8.732 ϫ 10 Ϫ3 at ⌳͞ ϭ 1.2, and the birefringence decreases as the value of ⌳͞ is higher than 1.2. The corresponding wavelength ϭ 1.55 m occurs at the value of ⌳͞ ϭ 1.25 with the birefringence ⌬n ϭ 7.792 ϫ 10 Ϫ3 for our proposed structure, and ⌬n ϭ 4.461 ϫ 10 Ϫ3 for previous structures. It is evident in Fig. 3 that the field is confined in the high-index core at smaller ⌳͞ (longer wavelengths) and the field penetrates further into the asymmetry cladding region at larger ⌳͞ (shorter wavelengths).
The asymmetry as well as the leakage (or loss) in EHPCFs due to the interruption of the lattice are evident. The field confinement and its decay rate play a fundamental role in the leakage properties. They depend on the air hole diameter, their pitch and the number of rings. In practice, six to ten rings of air holes are often needed to reduce the confinement loss to an acceptable level. For the sake of accuracy, we use 13 rings to demonstrate the performance of birefringence. In the following analysis, we maintain the wavelength ϭ 1.55 m, ⌳ ϭ 1.96 m, r 1 ͞r 2 ϭ r 3 ͞r 4 ϭ 0.83, ϭ a͞b ϭ r 1 ͞r 3 ϭ 3 and the number of rings N ϭ 13. The influence of proposed complex asymmetry cladding on the birefringence stability is also significantly, which is illustrated in Fig. 4 . It can be clearly seen from Fig. 4 that the performance of birefringence of our proposed structure shown in Fig.  1(b) is more stable and higher than that of previous structures shown in Fig. 1(a) , even in the case of the numbers of rings N ϭ 13. The birefringence of our designed structure tends to be stable, in the same manner, the birefringence in the previous structure shown in Fig. 1(b) quickly decreases when the numbers of rings larger is than N ϭ 4.
The FEM with PMLs which are placed before the outer boundary can be used to calculate the confinement loss of PCFs. The imaginary part of the complex effective index represents the loss. As described in Refs. 27 and 28, for small holes and few rings of holes, the confinement loss is huge, but decreases rapidly as the air hole diameter increases or more rings of holes are employed. The inset of Fig. 4 shows the confinement loss with fixed parameters, ϭ 1.55 m, ⌳ ϭ 1.96 m, r 1 ͞r 2 ϭ r 3 ͞r 4 ϭ 0.83, ϭ a͞b ϭ r 1 ͞r 3 ϭ 3 and the number of rings is N ϭ 7 (because N Ͼ 7 the confinement loss used FEM with PMLs in calculation is out of our computer memory). It can be seen in the inset of Fig. 4 , the previous structure displays more confinement loss, whereas our proposed structure can reduce at least a magnitude of 1 order of confinement loss than that of the previous one. The confinement loss of our proposed structure is ϳ0.39 dB͞km, which is much lower than the value of about ϳ490 dB͞km obtained from the previous structure when the air hole rings are N ϭ 7. To explain this phenomenon, the confinement field of our proposed structure is assigned to the PCF core, which is formed by the point defect and gives rise to more fields confined in the core region, thus the confinement loss decreases as more rings of holes are employed. In contrast, the small air holes array in the central part of the previous structure is a line defect, which demonstrates that most of the field leakage comes from the x direction, and higher confinement loss is presented. Figure 5 shows the relationship between birefringence and the short axis of small elliptical holes r 3 (varying in the range of ͓0.1, 0.4͔ m with different short axis of large elliptical holes r 1 ). The parameters are maintained at ⌳ ϭ 1.96 m, elliptical ratio r 1 ͞r 2 ϭ r 3 ͞r 4 ϭ 0.83 and the excitation wavelength ϭ 1.55 m. The results show that the birefringence increases rapidly as r 3 increases to a value of 0.175 m. When r 3 is beyond 0.175 m, the birefringence decays slowly as r 3 increases. If r 1 decreases when keeping ⌳ constant, the values of birefringence decrease as the value of r 1 decreases. For instance, a value of birefringence ⌬n ϭ 3.5 ϫ 10 Ϫ3 is obtained for r 1 ϭ 0.75 m ͑r 3 ϭ 0.175 m͒, which is higher than that of the elliptical hollow PCF obtained from Ref. 29 . In the results of our simulation, the high birefringence is mainly affected depending on the variation of large elliptical air holes. What is the physical reason for inducing high birefringence in EHPCFs? It can be expected that the average effective index n eff y is reduced and the mode field is extended more to the cladding region as the area of large elliptical air holes along the y axis increased. In contrast to the average effective index n eff x in the core region, which is reduced less due to the area of small elliptical air holes along the x axis can confine more field and contribute to a higher n eff x value. This is why the high birefringence ⌬n, the mode index difference between the HE 11x and the HE 11y modes, i.e., ⌬n ϭ |n eff x Ϫ n eff y |, can be obtained by determining the optimal parameters in our suggested EHPCFs. A maximum value of birefringence ⌬n ϭ 1.1294 ϫ 10 Ϫ2 is achieved for r 3 ϭ 0.175 m ͑r 1 ϭ 0.97 m͒, indicating that the birefringence of about an order of magnitude higher than that of value ⌬n ϭ 3.7 ϫ 10 Ϫ3 reported by the previous structure in Ref. [25] . Figure 6 shows the birefringence as a function of the short axis ratio ͑r 1 ͞r 3 ͒ of elliptical hole at different elliptical ratios ͑r 1 ͞r 2 ϭ r 3 ͞r 4 ͒ with structure parameters ⌳ ϭ 1.96 m and the excitation wavelength In Fig. 6 , the elliptical ratio is varied from r 1 ͞r 2 ϭ r 3 ͞r 4 ϭ 0.75 to 1 (the value 1 means the elliptical shape becomes circular) with the increment 0.05. It can be clearly seen that the birefringence ⌬n increases as the elliptical ratio decreases. Birefringence ⌬n increases monotonically when the short axis ratio ͑r 1 ͞r 3 ͒ of the elliptical hole increases. A maximum value 8.831 ϫ 10
Ϫ3 is achieved at a fixed ͑r 1 ͞r 3 ͒ ϭ 5.5 when the elliptical ratio r 1 ͞r 2 ϭ r 3 ͞r 4 ϭ 0.75, 0.8 and 0.85. It can be concluded that the elliptical air hole is better than the circular air hole in obtaining the high birefringence in PCF. By comparing Figs. 5 and 6, one will find that the average effective index of the x axis is higher than that of the y axis. Figure 7 shows the simulation results of comparing birefringence between previous structures and our proposed structure as a function of effective area of air holes A͞⌳ 2 in the cladding region with structure parameters ⌳ ϭ 1.96 m, ͑r 1 ͞r 3 ͒ ϭ 5.5 and the excitation wavelength ϭ 1.55 m. The birefringence of our proposed structure increases quickly as the effective area A͞⌳ 2 increases. In contrast to the previous structure shown in Fig. 1(b) , the birefringence is less sensitive to the variation of the effective area A͞⌳ 2 . With the increasing effective area in our proposed EHPCFs cladding, the difference of the air filling fraction becomes large between the x and y directions; thus, high birefringence is obtained. As a consequence, the high birefringence increment corresponds to the increment of the effective area due to the increment of difference between n eff x and n eff y . In  Fig. 7 , the birefringence in the previous structure increases gradually and has a higher birefringence as the value of A͞⌳ 2 less than 0.276, in which the birefringence of the previous structure and our proposed structure have the same birefringence of 3.68 ϫ 10
Ϫ3
. When A͞⌳ 2 is higher than 0.276, the birefringence of our proposed structure is much higher than that of the previous structure. A maximum value of birefringence reaches 9.814 ϫ 10 Ϫ3 corresponding to A͞⌳ 2 ϭ 0.45, which is much higher than the value of 4.69 ϫ 10 Ϫ3 obtained from the previous structure. Similar to the conventional and elliptical hollow high birefringence fibers, the advantages of our proposed EHPCFs discussed above can be used for a number of applications [30 -39] and allow for highly birefringent devices with much broader wavelength range to be created. In addition, the high birefringence EHPCFs, coupled with the use of endlessly single mode PCFs or endlessly single mode polarization maintaining PCFs as lead-in͞lead-out fibers, would allow for extreme broadband devices that cannot be created with conventional technologies.
Conclusion
A highly birefringent index-guiding elliptical air holes PCFs with asymmetric cladding is successfully demonstrated. The birefringence is achieved by utilizing the intrinsically large index contrast in PCFs in combination with asymmetric cladding designs. The birefringence is found to be largely dependent on the variation of the normalized frequency, size ratio and effective area of the elliptical air holes, and it can be concluded that the complex elliptical air hole is better than that of circular one in obtaining the high birefringence in PCF. Our suggested structures can considerably enhance the birefringence in EHPCFs and show that the birefringence can be as high as 1.1364 ϫ 10
Ϫ2
, which is higher than those obtained from conventional step-index fiber ͑5 ϫ 10 ͒ [29] . There are many methods used to induce birefringence in PCFs. The key point is to destroy the symmetry of the structure, and make the effective index different between the two orthogonal polarization states. The suggested structure possesses a large birefringence to separate the two polarization modes. Our simulation results provide valuable insight into the realization of PCF with even higher birefringence than previously demonstrated in literature.
